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Abstract:  Al2O3 particle-reinforced ZL109 composite was prepared by in situ reaction between CuO and Al. The 
microstructure was observed by means of OM, SEM and TEM. The Al2O3 particles in sub-micron sizes distribute 
uniformly in the matrix, and the Cu displaced from the in situ reaction forms net-like alloy phases with other alloy 
elements. The hardness and the tensile strength of the composites at room temperature have a slight increase 
as compared to that of the matrix. However, the tensile strength at 350 ℃ has reached 90.23 MPa, or 16.92 
MPa higher than that of the matrix. The mechanism of the reaction in the CuO/Al system was studied by using of 
differential scanning calorimetry(DSC) and thermodynamic calculation. The reaction between CuO and Al involves 
two steps. First, CuO reacts with Al to form Cu2O and Al2O3 at the melting temperature of the matrix alloy, and 
second, Cu2O reacts with Al to form Cu and Al2O3 at a higher temperature. At ZL109 casting temperature of 750–
780 ℃, the second step can also take place because of the effect of exothermic reaction of the first step. 
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ZL109(GB) is one of the most widely used alloys for pistons. 
The main problem of ZL109 is that its high-temperature 
strength decreases significantly with increasing temperature, 
which can not meet the demand of increasing engine power at 
present. It has been studied that raising the content of Cu could 
have good impact on improving the strength.  
Aluminium alloy matrix composites have been considered 
as excellent engineering materials because of their high 
specific strength and modulus, improved wear resistance, 
and good processability. Some reinforcements have been 
studied, such as Al2O3 particles 
[1-5]. Among various processing 
technologies, the in situ technology is particularly attractive 
due to its simplicity, economy and flexibility
[6, 7]. Oxides 
such as CuO have been used to react with Al for synthesizing 
Al2O3/Al composites. The possible reaction between CuO and 
Al is 2Al + 3CuO = 3Cu + Al2O3. The Cu is replaced by Al to 
form Al2O3 during the in situ reaction process. Cu reacts with 
Al to form intermetallic phases and the in situ Al2O3 acts as 
reinforcement particles to strengthen the matrix. Both of the 
two phases are good to the properties of piston alloys. 
Wang
[8] prepared Al2O3/Al composite by CuO/Al system, 
but the reaction temperature (1, 223 K) was too high for piston 
alloys. More air would be absorbed if the melt temperature 
is over 800 ℃. Ma
[9] prepared Al2O3 reinforced ZL303 
composites under  800℃ by adding Mg as activator. 
This paper presented the preparation technology of Al2O3 
reinforced ZL109 composite by direct reaction method under 
normal technology parameters of piston alloys. DSC study 
and thermodynamic calculation were conducted to prove the 
feasibility. The microstructure and mechanical properties were 
also analyzed.
1 Experimental procedures
1.1 Materials preparation
Pure aluminum powder (200 µm), pure CuO powder (100 µm) 
and pure magnesium powder (100 µm) were used as the raw 
materials for the fabrication of composite. The process can be 
described as follows: the matrix alloy (ZL109 alloy) was first 
melted using an electrical resistance furnace and overheated 
to 760 ℃. The powders consisting of 50wt% CuO, 49wt% Al 
and 1wt%Mg were packed with aluminum foil and added into 
the melt by means of inverted cup, followed by mechanical 
stirring for 10-15 min. The temperature was kept at 750 ℃ CHINA FOUNDRY
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during this process. At last, the melt was poured into a steel 
mould of 25 mm in diameter at about 760 ℃. The in situ 
reinforcements were about 1wt% Al2O3 particles by calculation 
if the CuO and Al reacted completely.  
1.2 Property evaluation
A Netzsh 404 differential scanning calorimetry (DSC) was 
employed to determine the reaction temperatures of the CuO/
Al system. During the analysis, the sample was heated in 
argon atmosphere in the furnace, raising the temperature from 
ambient to 1,000 ℃. The microstructure and reaction products 
were investigated by means of optical microscopy (OM, Nikon 
Epiphot 200) and scanning electron microscope (SEM, JEOL 
JMS-5610 equipped with EDS). Specimens for OM and SEM 
were mechanically polished according to conventional method 
and were etched with Keller’s reagent. The TEM study of 
the Al2O3 particles was carried out in a JEM 200 electron 
microscopy. Samples for transmission electron microscopy 
(TEM) were prepared using standard methods involving 
mechanical grinding, polishing and dimpling followed by ion 
milling. The tensile strength of the composite was measured 
in an Instron machine at a strain rate of 6.66 × 10
-4 s
-1 on 
specimens of 5 × 10
-3 m gauge diameter and 5 × 10
-2 m gauge 
length.
2 Results 
2.1 Microstructure 
Table 1 exhibits the chemical compositions of ZL109 and the 
composite. It can be seen that the elements such as Si, Fe, Ni, 
Mg in the composite keep up closely with the matrix. The 
Cu content in the composite has a small increase due to the 
replaced Cu from the displacement reaction between the added 
CuO and the matrix. However, the content of O is too low to 
be detected accurately.
Figure 1 shows the microstructure of the composite. Figure 
1 (a) is the OM micrograph in a low magnification and (b) is 
the SEM micrograph in a higher magnification. Figure 1 (a) 
shows that blocky primary Si, needle-like eutectic Si and net-
like alloy phases distribute in the matrix. It is hard to see the 
new-produced Al2O3 particles due to their small sizes. To 
investigate the feature of Al2O3 particles, SEM examination 
was conducted. As shown in Fig. 1 (b), large number of white 
        Si     Fe  Cu          Ni          Mg          Al
ZL109      12.7     0.3  1.1        0.98        1.0          Bal.
Composite      12.6     0.4  1.4        0.98        0.9         Bal.
Table 1: Composition of the matrix and composites (wt%)
Fig.1: Microstructure of the composite: (a) OM micrograph, (b) SEM micrograph
particles distribute uniformly in the alloy matrix. The scale of 
these reinforcements is in the range from less than 0.1 µm to 
about 1 µm. 
TEM analysis confirmed that these white particles are the 
newly-produced Al2O3, as shown in Fig. 2. It can be seen that 
the particle in size of about 150 nano meters has round edges 
and clear interface with the matrix. Figure 2 (b) shows the 
SAD pattern of the particle which proves the particle is Al2O3. 
It means that the method to prepare Al2O3/Al composite by 
adding CuO into Al melt is feasible.
One problem with the conventional casting method is the 
poor wetting property between the reinforcements and the 
matrix 
[10]. It is harder for finer particles to be put into the melt, 
so it is difficult to produce high volume fraction composite 
using fine reinforcement particles due to the high interface 
energy of the ceramic particles and the matrix. In contrast 
to conventional casting, the fine reinforcements by in situ 
reaction nucleate from the matrix and grow in the matrix. 
This decreases the interface energy and makes the particles 
combine with the matrix tightly. Those fine particles make the 
melt thicker and the resistance force bigger. Therefore, it is 
easier for the particles to be captured, even the particles are in 
very small sizes.  
Figure 3 is the micrograph of the composite corroded by hot 
concentrated H2SO4. It reveals that the net-like alloy phases 
distribute evenly in the Al alloy matrix. EDS analysis shows 
that the alloy phase consists of the elements of aluminum, 
silicon, iron, copper, nickel and manganese. This suggests that 
the Cu replaced by the reaction 2Al + 3CuO = 3Cu + Al2O3 
forms plurality of compounds with other alloy elements. It Research & Development
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Fig.2: TEM and the SAD pattern from the Al2O3 particle
Fig.3: SEM micrographs and EDS photographs of the alloy phase in the composite
has been studied that net-like alloy compounds is good to the 
properties of the alloy, while the needle-like compounds 
can rend the matrix which is harmful to the properties of 
alloys
[11].
2.2. Mechanical properties
The mechanical properties of the matrix and the composite 
using T6 heat treatment are illustrated in Table 1. The 
hardness of the composite is 104 HBS, just slightly higher than 
that of the matrix. This is probably due to the hard ceramic 
Al2O3 particles and hard plurality of compounds. The tensile 
strength at room temperature of the composite is 292.5 MPa, 
which is a little higher than that of the matrix. In references 
[12] D. Bullock think that the second phase in large sizes has 
little influence on the tensile strength at room temperature of 
alloys. That is to say the Al2O3 particles work on the increase 
of tensile strength of the composite. The particles hinder the 
movement of the dislocation when the stress loads on the 
matrix.
The strength of the composite at 350℃ is 90.2 MPa, 16.9 
MPa higher than that of the matrix. The temperature at the 
top of the piston can reach 250 – 350 ℃ when it works, so 
it is valuable to consider its high-temperature strength. The 
net-like alloy phases play an important role in the increase of 
high-temperature tensile strength. The alloy phases of high 
melting point and high hardness are tend to be in big sizes, 
which can disperse part of the load on the matrix and hinder 
the movement of the dislocation. It is harder for dislocation 
to pass through bigger size alloy phases. Furthermore, 
displacement reactions are phase transformation between two 
or more elements or compounds. The result is that the new 
producted compounds are thermodynamically more stable 
than the starting reactants. It means that in this experiment 
net-like alloy phases, the reactants, can remain stable at high 
temperatures while the strength of the matrix falls. As a result, 
the strength of the composite at the temperature is improved.
Fracture surfaces of the composites are shown in Fig.4. 
There are lots of small dimples on the fracture surface. No gap 
or micro-void is observed in the fracture surface. There are 
three fracture types of aging alloys: slipping fracture, along-
crystal fracture and dimple fracture 
[13]. For some content of 
inclusions and dispersions in industrial alloys, the fracture 
Table 2: The properties of the matrix and the composite
ZL109                287.3         73.3                 102
composite               292.5         90.2                 104
at room temperature         strength at  350℃
          (MPa)                                (MPa)
Tensile strength                     Tensile
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style is usually the dimple fracture type. Figure 4 shows that 
the fracture of the composites is dimple fracture. Because there 
are lots of dispersion phases in the composites including the 
Al2O3 particles, big size alloy phases and precipitates during 
heat treatment, and the dispersion phases can bond tightly with 
the matrix when the stresses load on the matrix, the composites 
have good ductility.
Fig.5: DSC curve of (Al-Si)-20wt% CuO sample
Fig.4: SEM fractographs of tensile fracture surfaces of the composites 
3 Discussions
3.1 DSC study
As shown in Fig. 5, the endothermic and exothermic peaks are 
found in the DSC curve of the composite. The endothermic 
peak appears at a temperature of about 590℃, which is the 
melting point of Al-12wt%Si. There are two exothermic peaks 
in the curve, meaning the reaction between Al and CuO takes 
place into two steps. The first exothermic peak is located in 
the temperature range between 575 and 616 ℃, and it is split 
into two parts by the endothermic dip of Al-12wt%Si. Such 
an exothermic peak obviously corresponds to the chemical 
reaction between Al and CuO to form Cu2O and Al2O3. The 
possible reaction is given by the following equation:  
               2Al + 6 CuO = 3Cu2O + Al2O3                  (1)
The second exothermic peak is at the temperature of 909℃, 
corresponding to the second reaction 
               2Al + 3Cu2O = 6Cu + Al2O3                     (2)
3.2 Thermodynamic calculations
The standard free enthalpy of formation is the first to be 
considered when determining whether a chemical reaction is 
viable or not. The standard free enthalpy of formation of CuO 
and Al2O3 is -155 and -1,669 kJ·mol
-1, respectively 
[14]. Al2O3 is 
more stable than CuO, so it is easy for CuO and Al to react to 
produce Al2O3.
The main chemical reaction equations in the CuO /Al system 
are: 
             2Al + 6 CuO = 3Cu2O + Al2O3                          (3)
             2Al + 3Cu2O = 6Cu + Al2O3                      (4)
The first reaction is thermit reaction which is too quick to 
change heat with the environment. So it can be considered as 
an adiabatic reaction.
The formula to calculate the adiabatic temperature 
[15] in the 
reaction (5) is
 
                          (5)  
Where:
     
           – the formation enthalpy of reactant Ri at T0 (kJ·mol
-1);
     
               – the formation enthalpy of product Pj at Tad 
(kJ·mol
-1);
ni & nj – coefficients of chemical measurement;
       T0 – the starting temperature (K) of the reaction and 
      Tad – the adiabatic temperature of the reaction (K).
For the system of reactants: 
                                       
             (6)
And for the system of products: 
                                               (7)
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respectively (kJ·mol
-1·K
-1).
So the general formula to calculate the adiabatic temperature 
is:
       
                                                                                       (8)  
The mass ratio of CuO and Al in the system is 1 : 4, and the 
first reaction should be: 
        24Al +6CuO = 22Al +Al2O3 + 3Cu2O                   (9)
The data quoted from the reference [14] were put into the 
formula (6) and the adiabatic temperature of the reaction (1) is 
2,320 K, which meets the temperature of the second reaction 
(909 ℃). So it is available for the reaction when the casting 
temperature of ZL109 is 750 –780 ℃.
4 Conclusions
(1) Al2O3 reinforced ZL109 composites were successfully 
prepared by adding powder compacts consisting of CuO, Al 
and Mg into ZL109 melt. The reaction between CuO and Al 
takes place with two steps: first, CuO reacts with Al to form 
Cu2O and Al2O3 at the matrix alloy melting temperature, and 
second, Cu2O reacts with Al to form Cu and Al2O3 at a higher 
temperature.
(2) The Al2O3 particles with a size of 0.5 µm on average 
distribute uniformly in the matrix. The Cu replaced from the 
reaction forms net-like alloy phases with other alloy elements 
such as Al, Si, Te, Ni, Mn. 
(3) Due to the hard Al2O3 particles, the hardness and the 
tensile strength at room temperature of the composites have a 
small increase as compared to that of the matrix. Because of 
the stable net-like alloy phases, the tensile strength at 350℃ 
can reach 90.2 MPa, which is 16.9 MPa higher than that of the 
matrix.
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